The host response to infection in humans is multifactorial and involves the complex interaction between two genomes (the host and the pathogen) and the environment. Using an experimental mouse model of chronic infection, we have previously identified the individual effect of three significant and one suggestive quantitative trait loci (QTLs) (Ses1, Ses2, Ses3 and Ses1.1) on Salmonella Enteritidis persistence in target organs of 129S6/SvEvTac mice. Congenic strain construction was performed by transferring each of these QTLs from C57BL/6J onto the 129S6/SvEvTac background, and phenotypic analysis confirmed that Ses1 and Ses1.1 contribute to bacterial clearance. Additional QTLs regulating Salmonella carriage in 129S6/SvEvTac mice were identified using a two-locus epistasis QTL linkage mapping approach conducted separately in females and males. The epistatic model for females included the individual effect of Ses3 and two significant interactions (Ses1-D7Mit267 and Ses1-DXMit48) accounting for 47% of the total phenotypic variance. The model for males included the individual effect of Ses1.1, three interactions (Ses1-D9Mit218, D2Mit197-D4Mit2 and D3Mit256-D13Mit36) and explained 47% of the phenotypic variance. Our results suggest that the oligogenic nature of Salmonella persistence and epistasis are important constituents of the genetic architecture of the host response to chronic Salmonella infection.
Introduction
Salmonella are ubiquitous, facultative intracellular Gramnegative bacteria causing human diseases of increasingly important public health concern both in developed and developing countries. Salmonella enterica serovar Typhi (S. Typhi) is the causative agent of typhoid fever and affects 21 million people annually with 200 000 associated deaths. Approximately 5% of infected patients develop a chronic carrier state-excretion of the bacteria for more than 1 year and certain individuals become life-long carriers.
1 Salmonella enterica serovar Typhimurium (S. Typhimurium) and Enteritidis (S. Enteritidis) are associated with frequent outbreaks of food-borne gastroenteritis (salmonellosis). There are 1.4 million reported cases of salmonellosis annually in the United States alone, with more than 600 deaths associated with untreated infections. Gastroenteritis caused by Salmonella infection is usually self-limiting; however, approximately 2% of individuals infected with Salmonella will develop chronic arthritis resulting from reactive joint complications, whether or not they were treated with antibiotics. 1 The outcome of Salmonella infection depends on the innate and adaptive immune responses of the host and on the strategies developed by Salmonella to interfere with the host immune system to survive and replicate in a hostile environment. Studies in experimental animal models of infection have shown that susceptibility to Salmonella infection is under complex genetic control. 2 Most models have used S. Typhimurium, which causes an acute fatal infection in laboratory mice and shares many similarities with human typhoid disease with respect to pathology and host response. 3 Several critical innate immune genes, including Nramp1 (Natural resistance macrophage protein 1, renamed Slc11a1), Tlr4 (Toll-like receptor 4), Nos2 (Nitric oxide synthase 2) and Nadph oxidase have been identified using survival rates to infection and bacterial load in the reticuloendothelial system (RES) as phenotype (reviewed in Roy and Malo 2 ). The genetics of chronic Salmonella infection in mouse models has also been studied, but not as extensively. Chronic models of infection have been developed using mutant S. Typhimurium strains in susceptible animals, sublethal infection in resistant mice, or pretreatment of mice with antibiotics. 4, 5 The clearance of the bacteria involves B cells, CD4
þ and CD8 þ T cells and MHC class II genes. 6 A number of genetic factors including several cytokines (IFNg, IL-12, IL-18 and TNFa) have been found to influence the clearance of the bacteria from the RES during the late stage of infection using congenic mice and mutant mouse resources. 2, 7 In order to determine the genetic basis for the persistence of Salmonella infection, we have developed a model of chronic Gram-negative infection using a sublethal dose of S. Enteritidis. 8 The mouse strain C57BL/6J cleared the bacteria completely from their RES (spleen and liver) by 42 days postinoculation, whereas the 129S6 mice had high bacterial load in the spleen up to 60 days postinfection. 8 Despite the presence of bacteria, 129S6 mice did not develop any disease symptoms. C57BL/6J and 129S6 mice carry the same MHC II haplotype but they differ at Nramp1 (C57BL/6J mice carry a nonfunctional form of the gene and 129S6 carry the wild-type allele). Our initial wholegenome scan linkage analysis in 300 segregating (C57BL/6J Â 129S6) F2 mice led to the mapping of three highly significant quantitative trait loci (QTLs), located on chromosomes 1, 7 and 15, respectively. All QTLs were associated with disease susceptibility in 129S6 mice, and their estimated effects on bacterial clearance were greater in females. There was significant statistical interaction detected between the loci on chromosomes 1 and 7. Using a model including those three loci, the interaction as well as sex as a covariate, the genetic components explained 32% of the phenotypic variance, suggesting the action of additional unidentified genetic loci contributing to the expression of the phenotype.
Most efforts in complex trait analysis have been directed towards mapping individual loci having individual effects on the disease phenotype. However, recent evidence has shown that gene-gene interactions are crucial in the etiology of many complex diseases both in humans and animal models of human diseases. 9, 10 Another component of the complexity of the host response to infection can be attributed to sex differences. The objectives of the present study were to validate existing QTLs using congenic mouse strains, to carry out a linkage analysis separately in males and females to allow the detection of sex-specific QTLs, and to scan for two-locus interactions to identify additional genetic modifiers contributing to S. Enteritidis carriage in 129S6 mice. Studying interaction in F2 cross was proven to be an essential and critical step in the genetic study of the host response to chronic Salmonella infection in mice.
Results

Contribution of individual QTLs to Salmonella clearance
Following our original linkage analysis of Salmonella infected (C57BL/6J Â 129S6) F2 mice, we identified three significant and one suggestive QTLs that influenced bacterial clearance following a sublethal challenge. These QTLs were located on chromosomes 1 (Ses1 and Ses1.1), 7 (Ses2) and 15 (Ses3). 8 To confirm the existence of each QTL in vivo and to study their impact on a Salmonella infection, we constructed a panel of congenic mouse strains carrying chromosomal regions encompassing Ses1.1, Ses1, Ses2 and Ses3. These strains were obtained by introgressing specific chromosomal segments of the C57BL/6J mice (donor strain) onto the background of the recipient 129S6 strain by repeated backcrossing (129S6.B6) ( Table 1) . A 2-LOD down support interval was used to establish the limits of the genetic interval to be transferred. The Ses1, Ses2, Ses3 and Ses1.1 genomic intervals transferred from C57BL/6J to 129S6 mice are shown in Figure 1 . We also constructed double congenic mice for Ses1 and Ses2 to test functionally the statistical interaction between Ses1 and Ses2 described in our previously proposed model. 8 To assess the effects of each individual QTL on Salmonella clearance, the congenic strains were infected with a sublethal dose of S. Enteritidis as described by us previously, and the results were analyzed separately in male and female mice because of the known sex effect on the phenotype. 8 Mice were killed at day 42 and the spleen was collected for CFUs determination. Consistent with previous results, there was a significant difference in the bacterial load of parental strains: C57BL/6J mice had low bacterial counts (0.2970.29 in females and 1.2470.42 in males) compared to 129S6 mice that carried an average of 3.1770.13 (females) and 3.8270.1 (males) LOG CFUs per gram of spleen (P ¼ 0.0000 and 0.0002, respectively) ( Figure 2 ). CFUs counts were 2.6 LOG (males) to 2.9 LOG (females) times lower in C57BL/6J mice compared to 129S6. Female and male congenic mice 129.B6-Ses1.1, 129.B6-Ses1 and 129.B6-Ses1/Ses2 cleared the infection significantly better than the 129S6 parental strain (P values for females and males are respectively: P ¼ 0.0077 and 0.0006 for 129.B6-Ses1.1; P ¼ 0.0267 and 0.0000 for 129.B6-Ses1 and P ¼ 0.0013 and 0.0000 for 129.B6-Ses1/Ses2) ( Figure 2 ). For all mouse strains with the exception of 129.B6-Ses1.1, females had significantly lower bacterial counts in their spleen than did males. We did not detect an effect of Ses2 and Ses3 in the congenics: 129.B6-Ses2 and 129.B6-Ses3 mice had bacterial loads in their spleen comparable to those observed in 129S6 mice, suggesting that the effect measured in 129.B6-Ses1/Ses2 on bacterial clearance is contributed mostly by Ses1. The transfer of resistance alleles detected by linkage analysis was successful and confirms that Ses1 and Ses1.1 contribute to bacterial clearance in both males and females. Ses1 and Ses1.1 have a similar impact on bacterial clearance (1 LOG decrease compared to strain 129S6) in congenic mice.
Genetic map and regression mapping A higher density framework genetic map was constructed on the basis of the segregating population of 300 (C57BL/6J Â 129S6) F2 progeny. The linkage map consists of 244 microsatellites and three SNP markers distributed along the 19 autosomes and chromosome X. The average intermarker distance was 10.770.4 cM. The coverage and resolution of this linkage map provided the basis for the identification of QTLs having small effects on Salmonella clearance and of QTLs undetected in our previous linkage analysis, as well as for the identification of interactions between genomic regions with no or small individual effects. The positions of the markers across the mouse genome are represented to scale in Figure 1 . The higher density of markers on the current genetic map allowed us to detect the presence of transmission ratio distortion (TRD) encompassing a 40.7 cM region on chromosome 7, located between the markers D7Mit228 and D7Mit237. In this region of the genome, the C57BL/ 6J homozygous genotype was found at frequencies ranging from 39 to 41%, which are much higher than the expected 25% in female F2 mice ( Figure 1 ). Interestingly, the observed allele frequencies in this region were very close to the expected 50%, and the frequency of the C57BL/6J homozygotes was increased when compared to the other two genotypes. The presence of TRD can mislead the identification of QTLs particularly when interval mapping techniques are used. To circumvent this problem, linkage analysis was performed using bacterial load in the spleen 42 days postinfection as phenotype using the approach of regression on the markers. Having observed sex-genotype interaction in affecting bacterial clearance previously 8 and the presence of TRD in the F2 female mice, the analysis was carried out separately in females (n ¼ 148) and males (n ¼ 152). Preliminary single-point linkage analysis in females provided evidence of linkage to chromosome 1 at marker D1Mcg5 (LOD score of 7.59, P ¼ 0.0001). This marker is located at the peak maximum LOD score of Ses1 (Figure 1 ). However Ses2, which maps within the TRD region of chromosome 7, and Ses3 were not detected at this stage. In males, Ses1 showed significant linkage with a peak LOD score of 4.4 (P ¼ 0.0082) at D1Mit19. For both QTLs, the C57BL/6J allele is protective and inherited in a recessive way.
Global two-locus epistatic QTL mapping analyses
The experimental data set was reanalyzed to detect pairwise interactions (epistasis) by examining all combinations of marker loci for association with the phenotype. The QTLs and their positions in the genome are listed in Table 2 . This analysis allowed us to identify seven new interacting QTLs, designated Ses4 to Ses10, involved in the clearance of Salmonella in female and male F2 mice.
In females, two interaction terms were detected with D1Mcg5 (Ses1): one highly significant interaction with D7Mit267 (Ses5) and a second one with DXMit48 (Ses4) ( Table 3 ). The marker D7Mit267 is located 20 cM proximal to Ses2 and was given a specific designation (Ses5). Ses4 (Chr X) and Ses5 (Chr 7) had no individual detectable effects (Table 3) . In this analysis, Ses1 had no or small individual effect and necessitated the presence of Ses4 and/or Ses5 to express its action on Salmonella clearance (Figure 3) . The mice that are homozygous for the C57BL/6J allele at Ses1 and Ses5 (genotype 1.1 on the box plot of Figure 3a) had a bacterial load B15 times lower then mice that are homozygous for the C57BL/6J alleles only at Ses1 (genotypes 1.2 and 1.3 on the box plot of Figure 3a) . A similar decrease in bacterial load is observed when mice are homozygous C57BL/6J at Ses1 and Ses4 (genotype 1.1 on the box plot of Figure 3b ) Genetics of Salmonella persistence in mice J Caron et al compared to mice that are homozygous only at Ses1 (genotype 1.2). Only Ses3 had a small but detectable individual effect on bacterial clearance in females ( Table 3) . The most parsimonious model for Salmonella clearance in the F2 females included the effect of Ses3 and two highly significant interactions between Ses1 and Ses4 and between Ses1 and Ses5. The contribution of this model to the total phenotypic variance is 47% and the interactions alone accounted for almost three quarters (72%) of this variation. In males, one significant QTL with individual effect was detected on chromosome 1 at D1Mit123 (Ses1.1) (Figure 1 and Table 3 ). There were also three significant interaction terms identified: between Ses1 and D9Mit218 (Ses6), between D2Mit192 and D4Mit2 (Ses7 and Ses8) and between D3Mit256 (Ses9) and D13Mit36 (Ses10) (Figure 1 and Table 3 ). As observed in females, the impact of Ses1 on bacterial clearance was seen only in the context of epistasis and all QTLs involved in the interaction terms had no detectable individual effects. For every QTL, the C57BL/6J allele was protective and inherited in a recessive way, except for Ses7 that was inherited dominantly. The epistasis model for Salmonella clearance in males included one QTL with individual effect (Ses1.1) and three significant interactions (Ses1-Ses6, Ses7-Ses8 and Ses9-Ses10). This model explained 47% of the phenotypic variance. In this case, interactions alone explain two-thirds (66%) of this variation.
Discussion
Development of clinical disease in humans after exposure to microorganisms is a multifactorial process under host and environmental control. 11, 12 The host genetic architecture of susceptibility to Salmonella infection and persistence is complex and its understanding requires the identification of the causative genes and the knowledge of how these genes interact functionally. To find the genes that control Salmonella persistence, different mouse models of chronic Salmonella infection have been developed to test the biological impact of candidate genes and to perform QTL analyses. 7, 8, 13 The experimental strategy we used to study the complex inheritance of Salmonella persistence in mice was based on mapping studies using phenotypic variation to identify QTLs. For this purpose, we have developed a model of persistent Salmonella infection based on the inoculation of a sublethal dose of S. Enteritidis in inbred laboratory strains 129S6 and C57BL/6J. 129S6 mice were previously shown to be extremely resistant to infection with S. Typhimurium compared to all other classical inbred strains including C57BL/6J. 2 The extreme susceptibility of C57BL/6J mice to infection with S. Typhimurium has been attributed to the presence of a nonfunctional allele at Nramp1. 14, 15 In contrast to S. Typhimurum, S. Enteritidis does not cause clinical disease in C57BL/6J and 129S6 mice. The Figure 3 Two-way statistical interactions between D1Mcg5 (Ses1) and D7Mit267 (Ses5) (a) and between D1Mcg5 (Ses1) and DXMit48 (Ses4) (b) in female mice as shown by a box-plot graphed in R. The numbers indicate the genotype, where 1 represents C57BL/6J homozygous alleles, 2 is the heterozygous state between the C57BL/6J and 129S6 alleles, and 3 represents homozygous 129S6 alleles. The x-axis represents the different combination of markers for D1Mcg5-D7Mit267 and D1Mcg5-DXMit48, and the y-axis represents the LOG CFU/g spleen.
infection is associated with a transitory splenomegaly in both strains and C57BL/6J mice are able to clear completely the bacteria within 7 weeks postinoculation. In 129S6 mice, S. Enteritidis persist predominantly in the spleen and to a lesser extent in the mesenteric lymph nodes (MLN) for a period extending 10 weeks without causing significant histological changes.
We previously detected by linkage analysis of a segregating C57BL/6J Â 129S6 F2 progeny four QTLs conferring bacterial susceptibility on chromosomes 1 (Ses1 and Ses1.1), 7 (Ses2) and 15 (Ses3). 8 We constructed congenic strains to provide support for a functional role of these QTLs by introgressing the specific chromosomal regions from C57BL/6J mice onto a 129S6 background. The use of congenic mice for fine mapping of Salmonellaresistance loci has several advantages including repeat phenotyping of genetically identical animals and dissection of a particular haplotype on a defined genetic background. On a fixed genetic background as seen in congenic 129S6.B6-Ses1, an individual effect of Ses1 was detected in both males and females although the impact of Ses1 was more evidenced in females. Replacing the QTL Ses1 reduced the bacterial load by 19-fold in females and 4-fold in males. Ses1.1 was also involved in the clearance of S. Enteritidis in spleen in both males and in females: there was a 11-fold reduction in bacterial load in females and a 18-fold reduction in males. The transfer of the Ses2 interval had no impact on bacterial clearance, which could be explained by the fact that our initial interval mapping analysis did not identify the correct position of the QTL on chromosome 7 because of the presence of strong TRD (see below). The contribution of Ses3 on bacterial clearance was not detected in the spleen of congenic mice. This could be explained by the small individual effect of Ses3 (B2%) to the phenotypic variance. We can conclude that the congenic mouse strains we have developed for the chromosome 1 QTLs provide biological evidence for the role of specific Ses1 and Ses1.1 alleles in bacterial clearance both in females and males.
We undertook a global search for epistatic QTLs that mediate their effects on bacterial clearance through interaction with other genes, based on the fact that our previous linkage analysis explained only one-third of the phenotypic variance. In recent years, the importance of mapping epistatic QTL to increase the understanding of the molecular mechanisms behind complex diseases has been stressed 16 and several methods for mapping epistatic QTL have been proposed. 17, 18 To carry out this type of analysis, we have increased the density of markers and genotyped all 300 segregating F2 progeny. The analysis was stratified by sex because our experiments provided clear evidence of sex-specific QTL differences. The higher density map was essential to detect TRD on chromosome 7 and identify new interacting QTLs. TRD may have implication for the mapping of loci for complex disease and may lead to misinterpretation of the data. The reanalysis of our data set confirmed that Ses1 plays a major role in Salmonella persistence both in male and female mice. In the novel proposed models, Ses1 has no individual effect, but exerts its effect on the phenotype through its interaction with Ses4 (DXMit48) and/or Ses5 (D7Mit267) in females and with Ses7 (D9Mit218) in males. The best model for bacterial clearance in females involved the individual effect of Ses3 and interactions of Ses1 with Ses4 and Ses5. In males, the genetic inheritance of bacterial clearance involves one locus with individual effect (Ses1.1) and three interactions (Ses1-Ses6, Ses7-Ses8 and Ses9-Ses10). In these new models, the proportion of the phenotypic variance explained by the QTL model has increased (47% in both males and females). In addition, the majority of the explained variance can be attributed to loci interactions (72% in females and 66% in males), showing the importance of accounting for epistasis in order to identify the mechanisms underlying a complex phenotype such as bacterial persistence.
We did not detect an individual or epistatic effect of Ses2 in the reanalysis of our data. This could be explained by the fact that the region of chromosome 7 encompassing Ses2 presents a strong TRD in favour of C57BL/6J alleles in F2 females. Of interest, TRD has been associated with the alleles at disease loci in a number of human diseases 19 and the association of TRD with only one sex of offspring may be a hallmark of defective imprinting at both the autosomal locus and an Xchromosome locus. [19] [20] [21] In fact, this central region of chromosome 7 comprises a cluster of imprinted genes. 22, 23 An unexpected finding was that Ses1.1 contributes to the phenotype in both male and female congenic mice. The difficulty of detecting phenotypic effects of Ses1.1 in F2 female mice by mapping may be related to the limited sample size. In fact, the sample size must be large enough to detect variation at both Ses1.1 and Ses1, which are estimated to be 17.4 cM apart. However, evidence for both Ses1 and Ses1.1 was obtained from the congenic strain analyses.
We previously reported strong evidence suggesting that Nramp1 is the gene underlying Ses1.
8 Nramp1 is known to control the exponential growth rate of taxonomically unrelated pathogens, including S. Typhimurium, in mice during the early phase of an acute infection. 24 During Salmonella infection, phagocytes ingest the bacteria into a phagosome, which matures by sequential fusions with a series of endosomal and lysosomal compartments and results in the formation of phagolysosomes that possess antimicrobial properties. To survive within host cells, Salmonella evade this process and affect the maturation process of the phagosome by generating a unique compartment termed Salmonella containing vacuole (SCV). 25 During Salmonella infection, Nramp1 is recruited to the SCV and functions as a pHdependent manganese (Mn 2 þ ) and iron (Fe 2 þ ) pump. 26 In addition, Nramp1 affects SCV maturation by promoting the acquisition of mannose 6 phosphate receptor (M6PR) a protein known to regulate the delivery of a subset of lysosomal enzymes from the trans-Golgi network to the prelysosomal compartment, thereby facilitating bacterial killing. 27, 28 Iron depletion in primary macrophages from Nramp1-deficient mice restored phagosome maturation, suggesting that Nramp1 counteracts the ability of Salmonella to arrest phagosome maturation through depletion of iron and other cations. 29 In our model of chronic infection, congenic mice carrying a nonfunctional allele at Nramp1 (129.B6-Ses1) and 129S6-Nramp1 deficient mice had a more efficient bacterial clearance rate than 129S6 mice. Our results strongly suggest that Nramp1 interacts with other genes to influence the outcome of a chronic Salmonella infection. We searched for candidate genes that are located on the chromosomal regions adjacent to interacting loci D7Mit267 (18.5 Mb), DXMit48 (40.4 Mb) and D9Mit218 (9.0 Mb). We have identified several genes for which a role in immunity to Salmonella infection is known or may be envisioned including Nfkbib (nuclear factor of kappa light chain gene enhancer in B-cells inhibitor beta), CD22, Rog (repressor of Gata) and Hamp (hepcidin) on chromosome 7, Elf4 (ets domain transcription factor 4), Il13ra1 (interleukin 13 receptor alpha 1) and Lamp2 (lysosomal membrane glycoprotein 2) on chromosome X and Casp1 (caspase 1) and Ilf3 (interleukin enhancer binding factor 3) on chromosome 9. One of these genes (Hamp) retained more our attention because of its role in restricting the availability of iron to microbes, 30 Hamp play a central role in iron metabolism as a potent negative regulator of iron absorption and mobilization. 31, 32 Liver Hamp mRNA levels are upregulated after iron overload, 33 exposure to LPS 33 or bacterial infections. 34 Hamp-induced sequestration of iron in macrophages, which has an impact on phagocytosis, and IFNg regulated production of nitric oxide and TNFa. 35 The biological interaction between Nramp1 and Hamp needs to be confirmed but it is tempting to speculate that the absence of Nramp1 may promote the activity of Hamp.
We can conclude from this study that the combination of a higher density linkage map together with modelling gene-gene interactions and stratification by sex permitted us to propose novel models of inheritance of Salmonella persistence for males and females. The analysis by sex showed clearly that Ses1 had a greater impact on the phenotypic variance in the context of interaction with other sex-specific loci. The analysis also detected the presence of TRD and led to the rectification of the position of the QTL on chromosome 7. The identification of gene interactions not only provided a more comprehensive understanding of the complex inheritance of bacterial persistence in chronic Salmonella infection but will also be crucial for further creation of congenic and double congenic mice, which will then be instrumental to finely resolve QTLs, confirm their association with the phenotype and identify the causative genes.
Materials and methods
Animals
Inbred mouse strains 12956/SvEvTac and C57BL/6J, initially obtained from Taconic (Germantown, NY, USA) and The Jackson Laboratories (Bar Harbor, ME, USA), respectively, were bred and maintained in our animal facilities under conditions specified by the Canadian Council on Animal Care. In total, 14 breeding F1 mouse pairs were set up and produced 300 F2 (C57BL/ 6J Â 129S6) hybrids.
Congenic strains
Congenic mice for Ses1, Ses2, Ses3 and Ses1.1 and the double congenics Ses1-Ses2 were produced by creating F1 mice from the 129S6 and C57BL/6J inbred mice then performing five to six successive backcrosses to the 129S6 parental strain. The congenic strains were produced in the absence of functional phenotype analysis by using marker-assisted genotyping to identify and maintain the targeted introgressed segments. At the N2 generation, we selected mice providing multiple chromosomal segments from the donor strains as progenitor for multiple regions. We have performed whole-genome scans at the N2 and N3 generations with 194 fluorescently labelled markers spaced at approximately 9 cM intervals to select mice with the least overall heterozygosity for subsequent backcrossing. Mice from the N4 generation were genotyped with 70 markers and those showing no detectable C57BL/6J donor background were selected for further breeding. Homozygous founders were established by brother-sister mating of N5-6 mice.
Salmonella infection
The preparation of the Salmonella stock and inoculum were as described by us previously.
36 F2 progeny, N5 or N6 congenic mice, 129S6 and C57BL/6J controls were infected with 1000 CFUs of S. Enteritidis strain 3b (Dr William Kay, University of Victoria) intravenously and killed by carbon dioxide asphyxiation 42 days postinoculation. The bacterial load from the spleens was evaluated by counting colony-forming units (CFUs) as described by us previously. 8 The LOG of the number of CFUs per gram of spleen (log 10 CFU/g) was analyzed as a quantitative trait.
Genotyping
A total of 244 microsatellite markers and three SNPs informative for the C57BL/6J and 129S6 parental strains (The Jackson Laboratories, Bar Harbor, ME, USA; Center for Inherited Disease Research, www.cidr.jhmi.edu; Applied Biosystems, Foster City, CA, USA; Research Genetics, Hunstville, AL, USA) were used to cover the genome at approximately 10.7 cM interval. Genotypes for the simple sequence length polymorphisms (SSLPs) were determined by a standard polymerase chain reaction (PCR)-based technique using either an end-labelled (g-33P)-ATP primer, followed by separation on denaturing polyacrylamide gels 8 or microsatellite markers tagged with fluorochromes (Research Genetics, Hunstville, AL, USA; Applied Biosystems, Foster City, CA, USA; Invitrogen Corporation, Burlington, ON, Canada) followed by capillary separation using an ABI prism 3700 instrument (Applied Biosystems, Foster City, CA, USA). Genotypes were analyzed using the GeneScan s V3.5 and Genotyper s V3.6 softwares (Applied Biosystems, Foster City, CA, USA) (McGill University and Génome Québec Innovation Centre, Montréal, PQ, Canada).
Statistical analysis
Owing to the known sex difference in the expression of the phenotype, the statistical analyses were carried out separately in F2 males and females using the statistical package 'R'. 37 An exploratory analysis consisting of a test of Mendelian segregation of the markers in one-and two-locus genome-wide scans was performed using the library 'R/qtl'. 38 The method of 'marker regression' was used because departure from Mendelian segregation was detected on chromosome 7 in females, one of the chromosomes of interest. The suggestive results of the one-and two-locus scan were analyzed graphically and the significance of the results obtained from the twolocus scan was reassessed by resampling. For the loci that remained significant, a design matrix of factors, taking into consideration the mode of inheritance, was constructed. The library 'leaps' 39 was used to select the best model with the Bayesian Information Criterion 40 as the main indicator of parsimony. Significance of the selected models was assessed by resampling. 41 For congenics data, statistical analysis to test the differences in bacterial counts was carried out using the two-sample t-test.
